Mitochondria were isolated from Candida utilis CBS 621 grown in carbon-limited continuous cultures on glucose, gluconate, xylose, ethanol or acetate as the carbon source and ammonia or nitrate as the nitrogen source. In all cases mitochondria were isolated which could oxidize exogenous NADH and NADPH via a cyanide-and antimycin A-sensitive but rotenoneinsensitive respiratory chain, Oxidation of NADH and NADPH was coupled to energy conservation as evidenced by high respiratory control values. Different respiratory control values of mitochondria with NADH and NADPH as well as variations in the ratio of NADH and NADPH oxidase activities indicate that separate systems exist for the oxidation of exogenous redox equivalents by mitochondria of C. utilis.
Oxidation of NADH and NADPH by Mitochondria from the Yeast
Mitochondria were isolated from Candida utilis CBS 621 grown in carbon-limited continuous cultures on glucose, gluconate, xylose, ethanol or acetate as the carbon source and ammonia or nitrate as the nitrogen source. In all cases mitochondria were isolated which could oxidize exogenous NADH and NADPH via a cyanide-and antimycin A-sensitive but rotenoneinsensitive respiratory chain, Oxidation of NADH and NADPH was coupled to energy conservation as evidenced by high respiratory control values. Different respiratory control values of mitochondria with NADH and NADPH as well as variations in the ratio of NADH and NADPH oxidase activities indicate that separate systems exist for the oxidation of exogenous redox equivalents by mitochondria of C. utilis. Variation of the NADPH requirement for biomass formation by applying different growth conditions did not result in significant changes in NADPH oxidase activities of mitochondria. It is concluded that in C. utilis NADPH can be used in dissimilatory processes for the generation of ATP.
I N T R O D U C T I O N
NADPH is an essential reductant in anabolic processes. Enzyme studies have revealed that the hexose monophosphate (HMP) pathway and possibly NADP+-linked isocitrate dehydrogenase are the major sources of NADPH in the yeast Candida utilis (Bruinenberg et al., 1983 b) . All available evidence indicates that the organism is unable to interconvert NADH and NADPH via transhydrogenase or analogous enzyme systems (Bruinenberg et al., 1983a, b) . In theoretical calculations of the NADPH requirement for biomass formiit ion it was demonstrated that for growth with glucose as the carbon source and ammoniuiii as the nitrogen source, depending on the contribution of the NADP+-dependent isocitrate dchydrogenase, 2 to 7% of the glucose metabolized has to be oxidized in the HMP pathway to meet the NADPH requirement for biomass formation (Bruinenberg et al., 1983 a) . However, radiorespirometric studies have revealed that in C. utilis approximately 30 to 50% of the glucose is metabolized via the HMP pathway (Mian et al., 1974) . Also in other yeasts (Suomaliiinen & Oura, 1971 ) the contribution of the HMP pathway to glucose metabolism may be considerably higher than the calculated minimum.
Activities of the HMP pathway exceeding the theoretical minimum point to a mechanism for dissimilatory oxidation of NADPH. Indeed it was found that mitochondria o r submitochondrial particles from several yeasts and moulds oxidize NADPH (Schuurmans Stekhoven, 1966; Djavadi et al., 1980; Schwitzguebel & Palmer, 1981) . In contrast.to the situation for NADH, information on the mechanism of NADPH oxidation by yeast mitochondria is limited. It was therefore decided to study qualitative and quantitative aspects of the oxidation of NADPH by yeast mitochondria in more detail.
Mitochondria] oxidation of NADPH in catabolic processes counteracts its consumption in
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anabolic reactions. In order to study this antagonism, mitochondrial N A D P H oxidation was examined under a diversity of growth conditions characterized by large differences in the anabolic NADPH requirement. This can be accomplished by cultivation of C. utilis on different combinations of carbon and nitrogen sources in chemostat cultures (Bruinenberg et a/., 1983u, b) . In this paper an attempt is made to answer the following questions.
(1) Can mitochondria from C. utilis oxidize N A D P H ? (2) Does this process result in ATP formation? NADH and NADPH dehydrogenases were assayed with ferricyanide as the electron acceptor according to Bruinenberg c't NI. (1985) . The activities in the various subcellular fractions were determined after sonication of the fractions with an MSE-I50 W sonicater at 4 ' C for 2 min.
Orientation of the NADH and NADPH dehydrogenase activities in mitochondria was determined with the ferricyanide method of Von Jagow & Klingenberg (1970). The external activities were assayed as described above, except that 0.65 M-sorbitol was added to the assay mixtures in order to stabilize the mitochondria. The internal activities were calculated as the difference between the activity of sonicated mitochondria and the external activity of intact organelles.
Protein was assayed according to the Lowry method with bovine serum albumin as the standard.
RESULTS
A typical outcome of an isolation of mitochondria from Candidu utilis grown at D = 0.1 h-'
with glucose as the carbon source and ammonium as the nitrogen source is presented in Table 1 . NADH and NADPH oxidase activities, measured as oxygen consumption in the presence of sorbitol as the osmotic stabilizer, were totally recovered in the particulate fractions P , and P2. Fraction P , contained well-coupled mitochondria (Fig. 1) . The mitochondria oxidized both exogenous NADH and NADPH and exhibited respiratory control values of 1.8 and 1.9, respectively. Repeated cycles of state 4 and state 3 respiration (Chance & Williams, 1956 ) could be demonstrated. The oxidation of redox equivalents produced within the mitochondria was measured as oxidase activities with either ethanol, pyruvate or 2-oxoglutarate. As is demonstrated for pyruvate in Fig. 1 , high respiratory control values were obtained (see also Table 3 ). For none of the above-mentioned substrates could oxidase activities be detected in the soluble fraction. The oxidation of NADH and NADPH in the mitochondrial fraction P, was completely inhibited by KCN (1 mM) and antimycin A (6 nM). Rotenone (17 nM) inhibited the oxidation of ethanol, pyruvate and 2-oxoglutarate but not the oxidation of exogenous N A D H or NADPH.
The above results are in accordance with current views on the mechanism of oxidation of reduced pyridine nucleotides by fungal and plant mitochondria. In contrast to mammalian organelles, mitochondria from plants and fungi can oxidize exogenous N A D H and NADPH. This oxidation is rotenone-insensitive in contrast to the intramitochondrial oxidation of reduced pyridine nucleotides (Fig. 2) . In order to assess the activity of the internal N A D H and N A D P H Oxidation oj' NADH and NADPH in Candida utilis dehydrogenase activities, mitochondria have to be sonicated since neither NAD(P)H, nor ferricyanide can permeate the inner mitochondria1 membrane (Von Jagow & Klingenberg, 1970) . When osmotically stabilized mitochondria were sonicated and subsequently assayed in mixtures containing sorbitol to stabilize unbroken organelles, sonication for 2 min was sufficient to unmask all N A D H and NADPH dehydrogenase activities (Fig. 3) . Upon sonication, the N ADH dehydrogenase increased approximately 10-fold whereas N A D P H dehydrogenase increased only two-fold. Unmasking of the NADH and NADPH dehydrogenases was paralleled by a sharp increase in NADH oxidase activity (Fig. 4a) , which declined upon prolonging sonication for more than 30s. The NADPH oxidase activity exhibited a slow decrease with time. The sonication-dependent NADH oxidase activity was rotenone-sensitive ( Fig. 46) , which confirms that the increase in NADH dehydrogenase activity after sonication (Fig. 3) resulted from the unmasking of the internal NADH dehydrogenase. Sonication for more than 30 s resulted in a complete loss of respiratory control with NADH and NADPH (Fig. 4c) although the rate of oxidation of these compounds by the mitochondria was high (compare Fig.  4 c and 4a) . When total NADH and NADPH dehydrogenase activities were measured in sonicated subcellular fractions, 84% of the NADH dehydrogenase but only 25% of the NADPH dehydrogenase were recovered in the mitochondrial fraction PI (Table 1) . When, however, only external dehydrogenase activities are considered, not only the recovery of NADPH dehydrogenase, but also that of NADH dehydrogenase in the mitochondrial fraction was very low (i.e. 24 and 12% of the respective activities in fraction T). This low recovery results from the much higher activity of latent, internal NADH dehydrogenase as compared to the internal NADPH dehydrogenase. It suggests that both external activities are more susceptible to solubilization during isolation than the internal activities.
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Since exogenous NADPH oxidation by mitochondria would counteract NADPH consumption for cytoplasmic biosynthetic processes it was expected that the NADPH oxidase activity of mitochondria would vary under growth conditions leading to large differences in NADPH Table 1 requirement for anabolic processes. The results presented in Table 2 reveal, however, that the variation in NADPH oxidase activities does not correspond with the NADPH requirement for biomass formation. For instance, during growth on xylose plus nitrate, which provokes the highest theoretical NADPH requirement (Bruinenberg et al., 1983a) , mitochondria had an NADPH oxidase activity similar to that during growth on glucose plus ammonium. The ratio of external NADH and NADPH oxidase activities varied with the growth conditions ( Table 2 ). In contrast to growth with glucose, xylose or gluconate, which resulted in somewhat higher NADH oxidase activities as compared with NADPH oxidase, growth with ethanol or acetate led to approximately the same activities for both oxidases (Table 2) . Also the oxidase activities with ethanol, pyruvate or 2-oxoglutarate varied in an unexpected manner with the growth conditions. Despite the high activity of the TCA cycle during growth on ethanol or acetate, 2-oxoglutarate oxidase activity of mitochondria from cells grown with these substrates was lower than for growth with the other carbon sources. Furthermore, although pyruvate dehydrogenase has no apparent role during growth with ethanol and acetate, relatively high pyruvate oxidase activities in mitochondria from cells grown with these carbon sources were detectable. For all growth conditions tested mitochondria exhibited respiratory control (Table 2) with reduced pyridine nucleotides, ethanol, pyruvate or 2-oxoglutarate. Oxidase activities were hardly affected by the growth rate, as is demonstrated in Fig. 5 for NADH and NADPH oxidase. However, with increasing dilution rates the respiratory control with NADPH decreased, in contrast to that with NADH (Fig. 5) .
DISCUSSION
The results presented above clearly demonstrate that mitochondria from Candida utilis grown in carbon-limited continuous culture exhibit cyanide-and antimycin A-sensitive oxidation of exogenous NADPH. Furthermore, the occurrence of respiratory control reveals that oxidation of NADPH may generate energy in the form of ATP. This is in contrast to oxidation by the socalled alternative respiration systems, which are cyanide-and antimycin A-insensitive and nonphosphorylating (Lloyd & Edwards, 1978) .
Oxidation of exogenous NADH and NADPH seems a general property of mitochondria from plants and fungi (Schuurmans Stekhoven, 1966; Schwitzguebel & Palmer, 1981 ; Palmer & Msller, 1982) . Plants have systems for the external oxidation of NADH and NADPH that differ in sensitivity to chelators and cations (Msller & Palmer, 1981) . In mitochondria from C. utilis similar effects were not detectable (results not shown), but the variation in the ratio of NADH and NADPH oxidase activities as well as the variation in the respiratory control values (Fig. 5) indicates that two systems exist for the oxidation of exogenous NADH and NADPH by mitochondria in this yeast.
At present, it is not possible to attribute the oxidation of cytoplasmic NADH in yeasts exclusively to the external NADH oxidase. Various shuttle mechanisms, such as the ethanolacetaldehyde shuttle (Von Jagow & Klingenberg, 1970 ) may contribute to mitochondrial NADH oxidation in civo. For oxidation of cytoplasmic NADPH, however, the operation of the external oxidase is presently the only conceivable possibility. In addition, it may be noted that the NADH and NADPH oxidase activities of the mitochondrial preparations from C. utilis (Table  2 ) far exceed the actual requirements for growth on glucose. It can be calculated that for growth of the organism in a glucose-limited chemostat culture with ammonium as the nitrogen source at D = 0.1 h-', a minimal activity of 0.04 pmol O2 min-l (mg protein)-' is required to oxidize the N ADH generated in the cytoplasm during dissimilatory and assimilatory processes. It would therefore appear that, at least for growth on glucose, shuttle mechanisms for oxidation of cytoplasmic reduced pyridine nucleotides are not indispensable.
Most of the NADH dehydrogenase activity was located on the inside of the mitochondrion (Table 1, Fig. 2 ), whereas the NADPH dehydrogenase activity was about equally distributed over the inside and outside of the mitochondrial membrane. According to Tottmar & Ragan (1971) and Mackler et al. (1981) the internal NADH dehydrogenase in yeasts cannot react,with NADPH. Hence the existence of internal NADPH dehydrogenase activity in C. utilis suggests that inside the mitochondrion two distinct dehydrogenases may be present for the oxidation of NADH and NADPH. The external NADH dehydrogenase is reported to be active with both NADPH and NADH (Mackler et al., 1980) . However, as mentioned above, the observed variations in external NADH and NADPH oxidase activities (Table 2, Fig. 5 ) indicate that, as in plants, two separate systems are responsible for external oxidation of these coenzymes in C. utilis.
The N ADPH-producing enzymes of the hexose monophosphate pathway, among others glucose-6-phosphate dehydrogenase, are located in the cytoplasm (Table 1) . Also, NADP+-linked isocitrate dehydrogenase was recovered at more than 90% in the soluble fraction (results not shown). Since the inner mitochondrial membrane is impermeable to pyridine nucleotides (Von Jagow & Klingenberg, 1970) , redox equivalents must be oxidized in the cell compartments where they are produced. In view of the cytoplasmic localization of NADPH-producing systems, the external NADPH oxidase activity may be quantitatively more important than the internal NADPH oxidase.
Even with the gentle method used for isolation of mitochondria considerable amounts of both NADH and NADPH dehydrogenase activities were detected in the soluble fraction (Table 3) . For other yeasts grown in batch cultures similar observations have been made (Perlman & Mahler, 1970; Cartledge & Lloyd, 1972; Delaisse et al., 1981) . Without an electron-accepting system it is difficult to envisage a physiological role for the NADH and NADPH dehydrogenases in the soluble fraction of the cell. A possible electron-accepting system for the NADPH dehydrogenase in the cytoplasm such as cytochrome P-450 is only present in yeasts under fermentative conditions (Karenlampi et al., 1981 ; Trinn et al., 1982) or during n-alkane metabolism (Tanaka et al., 1982) . Under our experimental conditions cytochrome P-450 could not be detected in C. utilis. Clearly, in this organism NADPH dehydrogenase activity is associated, at least in part, with the mitochondria.
The oxidative capacities of mitochondria isolated from C. utilis were relatively unaffected by the carbon and nitrogen source used for growth. Significantly lower NADPH oxidase activities of mitochondria, expected under growth conditions with a high anabolic NADPH consumption, for example during growth with xylose plus nitrate, were not encountered ( Table 2) .
The activities of the enzymes of the main NADPH-producing pathway (the hexose monophosphate pathway) varied in accordance with the anabolic NADPH requirement (Bruinenberg et al., 1983a, b) . Hence it seems likely that, when growth conditions require adjustment of enzyme activities for the maintenance of the NADPH balance in the cell, this occurs at the level of NADPH production and not of mitochondrial oxidation of NADPH.
The possible involvement of the respiratory chain in the reoxidation of NADPH in yeasts has been an outstanding problem for many decades. After the discovery of NADPH, produced in the 'Zwischenferment' (glucose-6-phosphate dehydrogenase) reaction, it was suggested that this redox equivalent was the coupling factor between glucose breakdown and respiration (Haas et al., 1940; Horecker, 1965 Horecker, ,1978 . This view was abandoned after the discovery that NADH and not NADPH acts as the substrate in oxidative phosphorylation (Lehninger, 195 1) . Although further radiorespirometric studies on the contribution of the hexose monophosphate pathway are needed to elucidate the quantitative importance of dissimilatory NADPH oxidation in yeasts, our results with Candida utilis indicate that the original views on the role of NADPH in respiration deserve reconsideration.
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